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Spin-flip mechanism in Ag nanowires with MgO surface protection layers has been investigated by nonlocal spin injection using permalloy/Ag lateral spin valves. The spin flip events mediated by surface scattering are effectively suppressed by the MgO capping layer. The spin relaxation process was found to be well described in the framework of Elliott-Yafet mechanism (R. J. Elliott Spin injection, transport, and detection are key ingredients in spintoronics, which have drawn a great deal of attention in recent years due to possible application for magnetic memories as well as fundamental interests concerning the interplay between charge and spin transport.
1,2 Lateral spin valves (LSVs) offer an effective means to study transport properties of a pure spin current, i.e., a diffusive flow of spin angular momentum accompanying no charge currents. A large number of the spin injection experiments have been reported since the pioneering work by Johnson and Silsbee in 1985. 3 More recently, nonlocal spin valve experiments by Jedema et al. 4 brought renewed interests in LSVs in response to the timely development in both micro-fabrication technology and emergent interest in the pure spin current. Having a better insight into the spin transport and relaxation mechanism in nano-scaled devices is important to enhance the performance for the spintronic application.
The spin relaxation mechanism in nonmagnetic metals (NMs) has originally been discussed by Elliott and Yafet. 5, 6 According to their theory, the spin-orbit interaction (SOI) in NM lifts the spin degeneracy of Bloch electrons and results in two different energy states for up or down spin. The spin relaxation, i.e., the transition between the opposite spin states, can therefore be caused by the spin independent momentum scatterings due to impurities, grain boundaries, surfaces, and phonons. [5] [6] [7] The earlier experimental works on the spin relaxation mechanism were mainly performed by conduction electron spin resonance (CESR) measurements and the results were, e.g., analyzed by Monod and Benue in the material independent manner. 8, 9 Fabian and Das Sarma revisited the CESR analyses and showed a quantitative relationship between the spin flip scattering and the phonon mediated change in resistivity including the effect of Fermi surface topology. 10, 11 Since the emergent development in the spintronic devices requires understanding the spin relaxation mechanism in nanowires, the mechanism has been intensively studied by means of nonlocal spin injection techniques using LSVs. [12] [13] [14] [15] [16] [17] However, a large contribution of T-dependent surface scattering hampered a quantitative analysis of the spin relaxation mechanism in the NM nanowires. [14] [15] [16] In this work, we have studied precisely the spin relaxation mechanism due to phonon scattering in Ag nanowires. The surface spin scattering is suppressed by MgO protection layer and then the spin-flip probability for phonon or impurity scattering is determined accurately on the basis of Elliott-Yafet (E-Y) mechanism. The temperature dependence of the spinlattice relaxation for the phonon scattering is well fitted to the Bloch-Grüneisen formula, 18 showing good consistency with that obtained from CESR measurements in the bulk.
LSVs with Ni 80 Fe 20 (Py)/Ag junctions were fabricated with great care. First, suspended resist mask patterns consisting of a bilayer resist, 500 nm-thick methyl methacrylate and 50 nm-thick poly methyl methacrylate, were formed on a Si/ SiO 2 substrate by means of e-beam lithography. Then shadow evaporation was performed by using the suspended resist mask to get a clean interface: a Py layer was first e-beam deposited at an angle of 45 from substrate normal, followed by deposition of an Ag layer normal to the substrate cooled by liquid nitrogen. Note here that the ferromagnetic and nonmagnetic materials were deposited separately in the interconnected two different evaporation chambers under ultra-high vacuum condition ($10 À7 Pa) to prevent degradation of k sf due to magnetic impurities entering the nonmagnetic nanowire. Finally, a MgO capping layer was deposited to avoid surface contamination of the devices. The scanning electron microscopy image of the LSV with a nonlocal measurement a)
Author to whom correspondence should be addressed. Electronic mail: idzuchi@issp.u-tokyo.ac.jp. configuration is shown in Fig. 1(a) , and the cross-sectional transmission electron micrograph of the Ag nanowire and the corresponding energy dispersive x-ray mapping of Ag, Mg, and O are shown in Fig. 1(b) . The coverage factor of the entire surface of the wire for the MgO protection layer is estimated to be about 85%. The LSV consists of the Ag nanowire and two Py wires, which are electrodes for spin injection and detection. The center to center separation L between the injector and the detector was varied from 300 nm to 1500 nm to determine k sf . To study the influence of capping layer on the spin flip mechanism for Ag nanowires, two classes of LSVs are fabricated: one is with 3 nm-thick MgO capping layer and another is without MgO capping. All LSVs are annealed at 400 C for 40 min in an N 2 (97%) and H 2 (3%) atmosphere to improve crystallographic quality of the Ag nanowire. 19, 20 The thickness and width of nanowires are, respectively, fixed at 50 nm and 150 nm for Ag, and 20 nm and 120 nm for Py. The resistivity of Py was 4.70 Â 10 À5 X cm and 3.46 Â 10 À5 X cm at 300 K and 5 K, respectively.
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The nonlocal spin injection measurements were performed on the LSVs with clean Py/Ag junctions. Conventional current-bias lock-in technique with applied current of 0.30 mA and frequency of 79 Hz was used. The magnetic field was applied parallel to the Py wires. The field dependence of the spin signal for LSV with MgO capping is shown in Fig. 2(a) . Clear spin valve signals DR S were observed to be 2.45 mX at 300 K and 8.92 mX at 5 K. Figure 2 (b) displays a reasonable decrease in DR S with an increase of L, attributable to the spin relaxation in the Ag nanowire. Here, we assume a transparent interface for the Py/Ag junction of our devices, i.e., clean interfaces confirmed by TEM analyses and very low interface resistance of the Py/Ag junction below the resolution ability of 1 Â 10 À3 X lm 2 of our measurement system. In this case, the analytical expression of DR S can be obtained as below by solving the onedimensional spin diffusion equation for the LSV geometry.
where P is the spin polarization of ferromagnet, R Ag ¼ q Ag k Ag / t Ag w Ag and R Py ¼ q Py k Py /w Py w Py /(1-P 2 ) are the spin resistances for Ag and Py, respectively, where q is the resistivity, t is the thickness, and w is the width. The experimental data were fitted by adjusting parameters P and k Ag with setting the value of k Py ¼ 5 nm reported by Dubois et al. 22 We then obtained P ¼ 0.343 6 0.025 and 0.485 6 0.015 and k Ag ¼ 316 6 28 nm and 851 6 98 nm, respectively, at 300 K and 5 K. Figure 3(a) shows the temperature dependence of k Ag . For LSV without capping, k Ag shows maximum at low temperature, which is previously reported for both Cu and Ag nanowires in LSVs due to the surface spin scattering. [14] [15] [16] However, monotonic decrease in k Ag with temperature is observed for LSV with capping. The MgO capping layer could effectively suppress the surface spin-flip event. The spin relaxation time s sf ¼ k . 23 The temperature dependence of s sf in Fig. 3(b) shows that s sf stays almost constant at 16.2 ps below 30 K for LSV with capping, indicating that the phonon contribution is frozen out. The temperature increase above 30 K promotes phonon mediated scattering, resulting in a gradual decrease in s sf . According to the E-Y mechanism, the total spin relaxation time is given by are momentum relaxation times, and e ph and e imp are probabilities of spin-flip scatterings. The notations "ph" and "imp" mean, respectively, phonon and impurity (including grain boundaries and T-independent surface) mediated scatterings or probabilities. For LSV with capping, we derive the e ph and e imp by assuming the T-dependent surface spin-relaxation is suppressed to be enough small. This assumption will be examined as follows by comparing e ph and e imp from this analysis with those from bulk sample of which surface spin relaxation is negligible.
To compare s ph sf with s ph e , the temperature dependence of 1=s ph sf and q ph is analyzed on the basis of E-Y mechanism combined with Bloch-Grüneisen (B-G) theory describing the phonon mediated change in resistivity q ph in the entire temperature range. With using Drude model, one obtains
where m e is the electron mass, n is the free electron density (¼ 5.86 Â 10 22 cm À3 for Ag), 25 K is a constant for a given metal, and H D is Debye temperature. Experimentally obtained phonon contribution to the resistivity q ph is fitted to Eq. (3b) with K and H D as fitting parameters. Then, we obtain K and H D as 5.15 Â 10 À6 X cm and 184 K and 4.70 Â 10 À6 X cm and 175 K for LSVs with and without capping, respectively. These are in good agreement with reported values. 26 As discussed previously, since the T-dependent surface scattering is assumed to be neglected on the analysis of LSV with the MgO capping layer, the constant value of s sf at the low temperatures is considered as s imp sf . Hence, the temperature variation of s ph sf can be deduced from Eq. (2). Then, by comparing q with s sf , we obtain e ph and e imp for the Ag nanowires in substantial agreement with reported values for the bulk: e ph and e imp are, respectively, 2.61 Â 10 À3 and 4.03 Â 10 À3 for the LSVs; e ph ¼ 2.86 Â 10
À3
and e imp ¼ 2.50 Â 10 À3 for the bulk from CESR study. 24, 27 The temperature dependence of 1=s ph sf is in good agreement with B-G curve based on CESR study, 24 as shown in Fig. 4 , which reflects intrinsic feature of Ag. In this way, both LSV and CESR results are found consistent with the B-G theory in the entire temperature range and now the assumption is validated that T-dependent surface spin-relaxation is negligible on LSV with MgO capping.
To clarify the suppression of surface spin-relaxation, LSV with the capping layer is compared to LSV without capping. For LSV without capping, we observe peak structure at low temperature. Hence, we formulate the spin relaxation as 1=s sf 16 . However, it cannot be directly applied on the highly conducting sample in the present study. 28 Thus, to clarify the surface spin-relaxation quantitatively, further study is required. The possible origin of the reduction of surface spin relaxation is as follows. Surface spin-flip is dominated by spin-orbit interaction. 29, 30 Thus, the surface spin-flip probability, e surf , is of the order of the magnitude, (aZ) 4 , where a ¼ e 2 = hc and Z is an atomic number. 29, 30 In the present study, the MgO capping layer decreases effective Z at the surface, may resulting in suppression of the spin-flip scattering. In summary, we have investigated the spin relaxation mechanism in Ag nanowires by means of nonlocal spin injection method. The spin-flip probability caused by phonon and impurity scatterings is precisely determined because a surface spin scattering of the Ag wire is well suppressed by an MgO capping layer. This may be due to a decrease of effective Z at the surface. The spin relaxation mechanism can be explained in the framework of the conventional Elliott-Yafet model. The temperature dependence of the spin relaxation times due to phonon scattering for the Ag nanowire is well fitted to the Bloch-Grüneisen formula. The fitting curve is in good agreement with the spin relaxation times of Ag foils used in the CESR measurement, which reflects intrinsic feature of Ag. The nonlocal spin injection technique is thus useful for determining the spin-flip mechanism at high temperatures, which may provide important insight into the development of spintronics devices using spin current.
